events at a quantitative level, because if cooperative The interaction between two aromatic groups varies effects are significant and widespread, the strength of by 0.2 Ϯ 0.4 kJ mol Ϫ1 in synthetic H-bonded complexes any given intermolecular interaction will depend critithat differ by 8-13 kJ mol Ϫ1 in overall stability. In these cally on the context in which it is found. systems, the free energies associated with individual
Introduction after the entropic penalty associated with biomolecular complexation has been removed by the other interacIn systems that feature multiple intermolecular interactions in the core of complex A. However, the difference tions, the free energy contribution that an individual inbetween the stabilities of complexes A and B measures teraction makes to the stability of an assembly as a not only the i-j interaction; it also includes a contribution whole can be significantly larger than one might expect from secondary interactions between i and the core of based on the properties of that interaction studied in the complex, as illustrated in Figure 2A . These secondisolation [1, 2] . In other words, a complex that makes ary interactions can be measured directly by comparing two intermolecular interactions may be associated with the free energies of complexes C and D, and so the i-j a free energy of formation more than twice as large interaction can be quantified as: as a similar complex that makes one interaction. This phenomenon is termed cooperativity, strictly positive ⌬⌬G i-j ϭ ⌬G A Ϫ ⌬G B Ϫ ⌬G C ϩ ⌬G D .
(1) cooperativity. It was first studied in detail by coordination chemists, who coined the term chelate effect for the An important feature of this approach is that many sysenhanced coordinating properties of multivalent ligands tematic errors cancel, because each compound used [3] [4] [5] . This classical chelate effect is based on entropy: appears in two complexes, and it is the difference in if multiple interaction sites are anchored on a single free energies that is used. Thus, potential errors associmolecule, the entropic penalty associated with formaated with aggregation of the components, additional tion of a bimolecular complex is removed by the first conformational equilibria, and minor conformational difinteraction formed, and all subsequent interactions are ferences in the free or bound states are all effectively therefore enhanced. There are also enthalpic effects removed. However, if the free energy contribution of a that can lead to cooperativity: changes in electronic single functional group interaction changes significantly structure or conformation caused by one interaction can between a weakly and a strongly bound complex, the stabilize subsequent interactions [6-14].
approach is not valid. For example, if there are large Recently, Williams suggested another more general cooperative effects, the secondary interactions measured using the weakly bound complexes C and D would be significantly less than the secondary interactions *Correspondence: c.hunter@sheffield.ac.uk the rest of the complex, and we use complexes AЈ and CЈ to measure the same sum in a more strongly bound complex. Thus, the cooperativity is given by:
The system that we have realized for this purpose is illustrated in Figure 2C . For practical reasons, we make changes to both components of the complex, but the principles elaborated above for the construction of the In order to test this hypothesis experimentally, we The synthesis of compounds 3, 4, and 6-13 has been developed the chemical triple-mutant box ( Figure 2B) described elsewhere [23, 26, 27]. Compound 1 was ob- [27] . This provides a tool for directly measuring cooperatained by coupling 9 with 4-t-butyl benzoyl chloride, tivity between intermolecular interactions. Complexes followed by reaction with freshly prepared 4-nitro-pyr-A-D constitute a double-mutant cycle to quantify the role-2-carbonyl chloride 10. Compound 2 was obtained i-j interaction, as described above. Complexes AЈ-DЈ by coupling isophthaloyl dichloride with 11, followed constitute a second double-mutant cycle to measure by capping with freshly prepared 2,6-diisopropyl-N,Nthe same i-j interaction, but in this case the core of the dimethyl-benzene-1,4-diamine 12. Compound 5 was complex is more strongly bound. Thus, the difference obtained by coupling 13 with 4-t-butyl benzoyl chloride between the i-j interaction in the two double-mutant ( Figure 3 ). cycles allows us to directly measure how changing the All of the compounds dimerize to some extent in chlooverall stability of a complex affects the free energy roform, and these equilibria were characterized using contribution of individual intermolecular interactions.
H NMR dilution experiments and isothermal titration
The eight complexes constitute a triple-mutant box, and calorimetry (ITC) ( Table 1) . Where the compounds could the cooperativity between the additional interactions in be studied using both techniques, the dimerization conthe core of the complex and the i-j interaction is defined stants (Table 1) . In each case, the data were fit to 1:1 binding isotherms that allowed for dimerization be buried in the experimental error (0.5 kJ mol Ϫ1 ), so here we extend the method to significantly larger interaction of the individual compounds (Table 1) . Although there is a small variation between the association constants energies.
A major disadvantage of the triple-mutant box apmeasured using the different techniques, the difference in free energy between two complexes studied using the proach is that accurate measurements are required on eight different complexes, and, practically, this is not same technique is very consistent. The double-mutant cycle removes the systematic errors associated with the easy to achieve. However, the measurement of cooperativity does not require the isolation a single functional use of a particular technique, provided complexes are compared in a pairwise fashion. The most reliable data group interaction. The change in a set of interactions can provide the same information, so one side of the were obtained from the titration experiments where better saturation was achieved, and we have therefore used triple-mutant box involving only four complexes is sufficient for our purposes. In other words, the four comthe 1 H NMR titration data for 5•6 and 7•8 and the ITC data for 3•4 and 1•2 in construction of the doubleplexes that represent the front and back faces of the box in Figure 2B can be used to quantify functional mutant cycle. The conclusions are not significantly altered by using any combination of the association congroup interaction energies, as described above, but the other four faces of the box can all be used to quantify stants in Table 1 . The structures of the complexes in solution were charcooperativity. In this case, we use complexes A and C to measure the sum of the interactions made by j with acterized using the complexation-induced changes in and as the overall stability of the complex increases, bound complexes that cancel out any cooperativity asincreases in the CIS values are observed. This suggests sociated with structural tightening, or that structural that as the overall stability of the complex increases, tightening does not take place due to geometrical conthe structure tightens, and the individual interactions straints. However, at the very least the experiments become more enthalpically favorable. There are clearly show that the free energy contribution of individual funcmajor differences between the vancomycin-peptide tional group interactions in the zipper systems is indecomplexes and our zipper complexes, and this could pendent of the overall stability of the complex. This help to rationalize both sets of experiments: one set validates the double-mutant cycle approach to quantifying intermolecular interactions. This system represents of experiments was carried out in water, the other in state is only marginally more stable than the free state, and so many interactions are required to bring about We therefore suggest an alternative form of structural tightening and invoke partially bound states to explain well-defined structure. This analysis rationalizes the results from the two sets the vancomycin-peptide results (Figure 4) . In any complex held together by multiple weak intermolecular interof experiments. In weakly bound complexes, the population of partially bound states leads to relatively low actions, it is possible to populate partially bound states where some of the intermolecular interactions are abentropy and enthalpy changes on binding. There is a trade-off between the favorable enthalpy available by sent. In effect, there is a free-bound equilibrium for every individual interaction site in the complex. This is different maximizing the intermolecular interactions and entropic cost of restricting the conformational freedom of the from the global free-bound equilibrium for formation of the complex, but refers to the properties of the bound system. When additional binding interactions are added, the balance between enthalpy and entropy shifts in favor state that is actually a collection of various different complexed states in equilibrium. In a rigid system, the of more interactions and less conformational freedom. The result is structural tightening and enthalpic cooperaloss of an interaction site is enthalpically unfavorable, and unless the interaction is very weak, partially bound tivity. However, if the enthalpic cooperativity is balanced by the entropic costs, there is no net effect on the free states will not be populated to any significant extent ( Figure 4A ). In contrast, for flexible molecules the loss energy. In other words, enthalpic cooperativity does not necessarily translate into free energy cooperativity. of enthalpy is compensated by a gain in conformational entropy, and partially bound states are expected to be significantly populated ( Figure 4B ). This explanation Significance leads directly to a rationalization of entropy-enthalpy compensation: in weakly bound complexes, a large part Cooperativity is a general property of intermolecular interactions, but the origins of the effect remain obof the available enthalpy is dissipated in the population of entropically favorable partially bound states; in scure. Here, we show that in a H-bonded complex of two relatively rigid molecules the individual functional strongly bound complexes, these states are less accessible, but realization of the available enthalpy comes at group interactions do not change as the overall stability of a complex increases. At the same time, NMR the entropic cost of freezing out conformational mobility. This is analogous to the situation in short ␣-helical pepspectroscopy shows no evidence of structural tightening in the complexes. We conclude that the structides, where the ends of the helix fray, populating a range of states from structured helicoidal to random coil tural tightening and enthalpic cooperativity observed in other systems is related to conformational flexibility.
[32-34].
Application of this concept to the vancomycin-pepIf the individual interaction sites are linked by flexible chains, as in peptides, the system will populate partide system is illustrated in Figure 4C . The observed variations in CIS values for the vancomycin NH signal tially bound states to a significant extent. Thus, not all interactions between the two molecules are made can be explained based on changes in the populations of the partially bound states as a function of substrate simultaneously, and a substantial fraction of the available enthalpy of intermolecular functional group interstructure. In effect, the ligand extension experiment titrates out the partially bound states, and so the CIS actions is distributed as conformational entropy in the (1.587 g, 1.517 mM) and Et 3 N (0.225 ml, 1.669 mmol) The procedure for 1 H NMR dilution experiments on the complexes is identical to that described above for dimerization of single component systems, except that a 1:1 mixture of the two compounds was Synthesis of 2 used, and NMRDil_HGHHGG was used to fit the data to a 1: 1 binding  11 (0.721 g, 0.715 mmol) and Et 3 N (0.212 mL, 1.574 mmol) were isotherm, allowing for dimerization of both binding partners [27] . dissolved in 500 ml of CH 2 1,4-diamine 12 (2.381 g, 10.82 mmol) and Et 3 N (1.458 mL, 10 
